Creeping thistle [Cirsium arvense (L.) Scop.] and dahlia (Dahlia sp.) plants showing typical symptoms of phytoplasma infection including yellowing, stunting, inflorescence and proliferation, were sampled; the presence of phytoplasma was confirmed by standard PCR using universal primers. RFLP analysis allowed classification of the detected phytoplasma strains CirYS, CirYS1 and DahlP within the 16SrXI group, the unique restriction profile F2nR2 fragment obtained in silico by iPhyClassifier indicated that they belong to the new 16SrXI-E subgroup. Genetic analysis of the 16S rRNA gene revealed that the studied strains shared less than 97.5 % similarity with all of the previously described 'Candidatus Phytoplasma' species. The closest relatives are 'Candidatus Phytoplasma cynodontis' and 'Candidatus Phytoplasma oryzae' with 96.8 % and 96.6 % similarity. All strains studied bear three specific regions in the 16S rRNA gene, discriminating them from the other phytoplasma species. Phylogenetic analysis of the 16S rRNA and secA genes confirmed this specificity, as the creeping thistle and dahlia phytoplasma strains clustered in a distinguishable lineage group. The uniqueness of the genetic analysis agrees with the biological characterization of the studied phytoplasma strains, their host range, and geographical distribution. The strains only infect dicotyledonous plants in Europe, contrary to their closest relatives. Based on their unique properties, it could be concluded that the studied phytoplasma strains represent a discrete group that is proposed as a novel taxon 'Candidatus Phytoplasma cirsii', with strain CirYS as a reference strain.
Phytoplasmas are plant pathogens of the class Mollicutes, colonizing the phloem sieve of their host plants as well as the salivary glands and other organs of sap-sucking insect vectors. Phytoplasmas cause diseases on a broad scale and with a range of intensities of symptoms in more than 1000 plant species (Bertaccini, 2007) . These non-helical wall-less bacteria are specialized strict parasites, characterized by the small reduced genome and the lack of several genes necessary for their independent metabolism. Apart from one partial success they are not cultivable in vitro, which is one of the reasons that phytoplasmas are assigned into the provisional Candidatus genus status. Phytoplasma taxonomy is based on analysis of the variability of the 16S rRNA gene, and currently two systems are applied. The first system discriminates the phytoplasmas according to their random fragment length polymorphism (RFLP) variability and restriction endonuclease patterns into 16Sr groups and subgroups (Lee et al., 1998; Seemüller et al., 1998; Wei et al., 2007; Zhao et al., 2009b) . Based on the recommendation of the IRPCM Phytoplasma/Spiroplasma Working Team-Phytoplasma Taxonomy Group (2004) , the new and more precise 'Candidatus Phytoplasma' taxonomy system, reflecting the main taxonomic rule -the 97.5 % similarity of 16S rRNA gene sequences as a species border -is actually built. At the time of writing, 42 'Candidatus Phytoplasma' species have been officially accepted or proposed (see Table 1 ).
Creeping thistle [Cirsium arvense (L.) Scop.] is a dicotyledonous perennial herb, native to Europe and temperate Asia, which has been introduced to North America and the southern hemisphere (Tiley, 2010) . It occurs in agricultural areas, ruderal and urban areas, as well as wetlands. Creeping thistle is an aggressive weed, with extensive spread by both perennial roots and seeds infesting many temperate agricultural crops; in some countries it is evaluated as an invasive species. Generally, the impacts indicate that Cirsium arvense endangers natural communities by directly competing and displacing native vegetation, reducing biodiversity, and changing the structure and composition of certain habitats (Behrens & Elakkad, 1981) . It also significantly reduces the yield of cultivars, therefore causing significant economic losses. Creeping thistle is a known phytoplasma host and the various symptoms of infection such as yellowing, stunting, white leaf and inflorescence caused by phytoplasma strains belonging to the 16SrI, 16SrIII and 16SrXII groups (or unassigned into any group) have been described previously (Credi et al., 2002; Fialová et al., 2009; Jakovljević et al., 2015; Jomantiene et al., 2000 Jomantiene et al., , 2002 Rančić et al., 2005; Schneider et al., 1997) .
Dahlia, the next perennial plant included in this work, is a tuberous-rooted plant naturally occurring in South and Central America, but recently it has been grown as an ornamental plant practically worldwide. Dahlias, as with many other perennial plants, can host phytoplasmas. All plants infected by phytoplasma strains of the 16SrI or 16SrX groups manifest dwarfing, proliferation, small or narrow leaves, flower bud deficiency and/or abnormal flowers, all of which have been noted in Europe (Marzachì et al., 1999; Kamiń ska & Sliwa, 2008 (Fig. S3) , were repeatedly noticed. To characterize phytoplasmas associated with these symptoms, from 2007 to 2014, the symptomatic and non-symptomatic plants were sampled and subjected to standard phytoplasma detection and identification using nested PCR-RFLP analyses. Genomic DNA was extracted according to Ahrens & Seemüller (1992) , and amplified by PCR with P1 and P7 primers followed with the nested primers R16F2 and R16R2 (Deng & Hiruki, 1991; Lorenz et al., 1995; Lee et al., 1995) . The nine symptomatic plants gave products of the expected size, and showed RFLP profiles similar to the 16SrXI phytoplasma group but atypical Mse I and Hae III profiles in further molecular characterization (Fig. 1) . Phytoplasma presence was not detected in the non-symptomatic creeping thistle or dahlia plants.
Two creeping thistles coming from a tomato and pepper plantation in south Moravia, plus a dahlia plant grown in a private garden in central Moravia were chosen for the detailed description of these atypical phytoplasma strains based on the conservative 16S rRNA gene. P1/P7 amplicons were obtained from all samples and amplicons from creeping thistle were cloned into a pGEM-T plasmid. Three clones from both strains, and PCR products from creeping thistles and dahlia, were subsequently sequenced to analyse target fragment and to check their genetic variability. ) were obtained. All three strains showed identical sequences with only one substitution at position 24 (A to T) between the CirYS and CirYS1 strains, and one heterogeneous position at nucleotide 439 (G to K) detected in the DahlP strain. A BLAST search of 16S rRNA sequences deposited in the GenBank database using the 16S rRNA gene sequence of CirYS, CirYS1 and DahlP phytoplasma strains as a query revealed that all other phytoplasma strains available in GenBank (except one) and all phytoplasma species described at the time of writing, shared less than 97.5 % similarity with strains CirYS, CirYS1 and DahlP. The closest 'Candidatus Phytoplasma' species based on the 16S rRNA gene sequences were 'Candidatus Phytoplasma cynodontis' (strain BGWL-C1, GenBank accession no. AJ550984) sharing 96.8 % sequence similarity and 'Candidatus Phytoplasma oryzae' (strain RYD-J, GenBank accession no. D12581.2) sharing 96.6 % sequence similarity (see Table 1 ).
The only exception of phytoplasma strains in the GenBank database was the Cirsium phyllody phytoplasma (CirP strain, GenBank accession no. X83438) that was 99.8 % similar, with only three differences compared to the reference CirYS strain: a substitution in position 390 (C to N) and two deletions at positions 980 and 1783. This Mollicutes sp. strain has a similar origin to the strains of this study having been obtained from a symptomatic creeping thistle in Germany. Strain CirP was earlier classified as a new lineage group in close relationship with the 16SrXI group (Schneider et al., 1997; Marcone et al., 1997) , but there was no other confirmed occurrence of this phytoplasma strain.
The taxonomic difference of the creeping thistle phytoplasma strains was confirmed by: a) in silico RFLP analysis of the F2nR2 fragment with 17 restriction endonucleases (Alu I, Bam HI, Bfa I, Bst UI, Dra I, Eco RI, Hae III, Hha I, HinfI, Hpa I, Hpa II, Kpn I, Sau3AI, Mse I, Rsa I, Ssp I and Taq I) performed by the i PhyClassifier program (Fig. 2) ; and b) the actual RFLP analyses which gave the same results as the in silico analyses (Fig. S4 ). The obtained RFLP pattern is most similar to the reference pattern of the 16SrXI-C group, with a similarity coefficient of 0.87, much lower than the border coefficient 0.97, thus suggesting the existence of a new subgroup within the 16SrXI phytoplasma group. Detailed analysis of discrete restriction profiles revealed that the restriction by Mse I and Sau3AI or Hae III restriction enzymes allow for the discrimination of strains CirYS, CirYS1 and DahlP from all other 120 reference strains of the i PhyClassifier tool (Zhao et al., 2009b) . The unique RFLP pattern suggests that the strains CirYS, CirYS1, DahlP and CirP represent a tentative new subgroup, 16SrXI-E.
To confirm the genetic uniqueness of the CirYS phytoplasma and its position as a novel phytoplasma taxon 'Candidatus Phytoplasma cirsii' within all previously described 'Candidatus Phytoplasma' species, the nearly the full 16S rRNA gene sequences of the 41 accepted or proposed 'Candidatus Phytoplasma' species were compared with the CirYS phytoplasma strain. Primarily, the reference sequences or the species-assigned sequences for 'Candidatus Phytoplasma ziziphi', 'Candidatus Phytoplasma fraxini', 'Candidatus Phytoplasma australiense', and 'Candidatus Phytoplasma fragariae' (GenBank accession nos KC478660.1, JQ868445, AM422018.1 and HM104662.1, respectively) of appropriate length, as well as that of Acholeplasma laidlawii (used as the outgroup for rooting the tree in the subsequent analysis), were aligned by the CLUSTAL W algorithm. The phylogenetic tree was reconstructed using neighbour-joining analysis. Both alignment and tree reconstruction were implemented in the MEGA 6.0 software package (Tamura et al., 2013) . The phylogenetic analysis clearly showed that strain CirYS formed a significantly supported branch, representing the distinct taxon lineage (Fig. 3) . This phytoplasma strain was closely related to the reference sequences of 'Candidatus Phytoplasma oryzae' and 'Candidatus Phytoplasma cynodontis', they share the same ancestor, and can be clearly distinguished from any other 'Candidatus Phytoplasma' species. Phylogenetic analysis based on the 16S rRNA gene fragment (1152 bp) allowed including one lasting species, 'Candidatus Phytoplasma allocasuarinae' (GenBank accession no. AY135523.1), as well as reference strains of 'Candidatus Phytoplasma australiense', 'Candidatus Phytoplasma ziziphi', and 'Candidatus Phytoplasma fragariae' (GenBank accession nos AM422018.1, AB052876.1 and HM104662.1). The phylogenetic tree of the same topology and a significantly distinguishable CirYS branch were formed again (data not shown).
In order to investigate the relationships of phytoplasma strains infecting creeping thistles and dahlia as well as the other closest phytoplasma strains belonging to 16SrXI and 16SrXIV groups, and 'Candidatus Phytoplasma oryzae' and 'Candidatus Phytoplasma cynodontis', respectively, all available phytoplasma strains sequences were aligned, and the phylogenetic analysis was performed with the same conditions as described above, using the LD strain of the 16SrIV group (GenBank accession no. X80117.1) as the outgroup. The 'Candidatus Phytoplasma cynodontis' strains of the 16Sr-XIV group formed one cluster of the 16SrXIV-A subgroup; strains of the 16SrXI group formed different branches, in agreement with their detected or assumed subgroup status within the 16SrXI-A, B, C, D and A-, B-, C-related or unassigned strain branches. All novel strains (CirYS, CirYS1 and DahlP), together with the previously described CirP strain, clustered in a highly supported distinct branch, which can be discriminated from any of the other strains or 16Sr subgroups (Fig. S5 ).
Detailed analysis of the 16S rRNA gene of the 'Candidatus Phytoplasma cirsii' reference strain, CirYS, confirmed the presence of sequence 59-CAAGACTATAATGTGTAGCTG-GACT-39 262-286 , corresponding to the signature sequence 59-CAAGAYBATKATGTKTAGCYGGDCT-39, which defines taxa in the provisional genus 'Candidatus Phytoplasma' (IRPCM Phytoplasma/Spiroplasma Working Team-Phytoplasma Taxonomy Group, 2004), although one substitution at position 271 (A to K) has been identified (Fig. S6) .
Comparison of the aligned sequences revealed the existence of at least three regions unique for the CirYS phytoplasma 16S rRNA gene. These distinguishing regions include 59-CTATCGCTAATTGCCAGCATGTAATGA-39 , 59-GTGGGGATC-39
1155-1163 and 59-TTTTTGGCCAATCCC-AAAAAAACAGTCTC-39 , which differ in their sequence for 1-10, 1-3 and 1-6 base positions, respectively, Table 1 . Bar, phylogenetic distance of 2 %.
'Candidatus Phytoplasma cirsii' from the corresponding regions in the 16S rRNA genes of all previously described, as well as suggested but yet to be formally described, 'Candidatus Phytoplasma' species. The uniqueness of all regions was confirmed in pairwise analysis by the BLAST algorithm, as any phytoplasma sequence bearing these motifs was not detected within the available sequences in the GenBank database.
To support the assumed taxonomical position of the phytoplasma strain studied, the secA gene fragment was amplified by semi-nested PCR (Hodgetts et al., 2008) . The SecAfor2/secArev3 products were sequenced directly and fragments of 462 bp in length were obtained. The secA sequences of all analysed strains showed 100 % similarity. BLAST analysis showed the highest sequence similarity (83 %) with the secA gene of sugarcane grassy shoot phytoplasmas (strains Maharashtra and Assam, GenBank accession nos KC347001 and KC347002) and 82 % secA gene sequence similarity with the Napier grass stunt phytoplasma (GenBank accession no. EU168750). Phylogenetic analysis based on the secA gene, performed under the same conditions as above (using the sequence of Bacillus subtilis, GenBank accession no. D10279, as the outgroup), confirmed the phylogenetic relationship between strain CirYS and the other reference or 'Candidatus Phytoplasma' species assigned strains. CirYS formed a distinct branch, closely related to 'Candidatus Phytoplasma oryzae' and 'Candidatus Phytoplasma phoenicium' (Fig. 4) .
'Candidatus Phytoplasma cirsii', a novel Phytoplasma taxon
The results of the 16S rRNA gene analysis of studied phytoplasma strains CirYS, CirYS1 and DahlP clearly show that the detected phytoplasma represents a novel taxon.
The strains fulfil the criteria for description of a provisional 'Candidatus Phytoplasma' taxon given by IRPCM in the following six points. has been detected, including only dicotyledonous plants, creeping thistle and dahlia, infected by this phytoplasma. All other closely related phytoplasma strains belonging to the 16SrXI group infect monocotyledonous plants such as sugar cane or rice. (vi) According to current information, the geographical occurrence is limited to temperate climates and Europe; however, with regard to the range area of creeping thistle, a wider distribution could be expected.
Based on biological and genetic characterization, the novel taxon 'Candidatus Phytoplasma cirsii' is proposed, represented by CirYS as a reference strain.
Description of 'Candidatus Phytoplasma cirsii'
'Candidatus Phytoplasma cirsii' (cir9si.i. N.L. gen. neut. n. cirsii of Cirsium arvense, referring to the plant in which phytoplasma was discovered).
The reference strain is CirYS and is associated with the creeping thistle plants exhibiting yellowing, stunting, inflorescence and proliferation symptoms.
[(Mollicutes) NC; NA; O, wall-less; NAS (GenBank accession number KR869146), oligonucleotide sequences of unique 16S rRNA gene regions are 59-CTATCGCTAATTGCCAGCATG-TAATGA-39 , 59-GTGGGGATC-39
1155-1163 and 59-TTTTTGGCCAATCCCAAAAAAACAGTCTC-39 ; P (Creeping thistle, phloem); M].
